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Abstract
A bottom-ﬁxed ﬂap-type pitching wave energy absorber which operates near-shore is studied. The design consists of
an arm hinged on the sea bed and supporting a ﬂap. The ﬂap has an elliptical cross section spanning vertically from
the free surface to about one third of the water depth. A mechanism is provided which allows the ﬂap to be ﬁxed
at a variable angle relative to the supporting arm. Such mechanism is here proposed as a means of broadening the
absorption bandwidth and avoiding large forces while still absorbing power. The variations of maximum absorbed
power and reaction force with wave frequency are obtained for diﬀerent ﬂap widths and angles and for diﬀerent angular
displacement limits, on the basis of linear potential theory. Further analysis on the absorber with a selected ﬂap width
is then presented and its performance is shown to be promising.
c© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of Technoport and the Centre for
Renewable Energy
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1. Introduction
An earlier optimization study by the authors [1] suggested that an elliptical section could be an optimal
section for a bottom-ﬁxed ﬂap-type pitching wave energy absorber, whose power take-oﬀ is located at the
bottom hinge. To maximize power to surface area ratio the section should be elongated vertically and span
from the free surface to no more than approximately one third of the water depth. Furthermore, it was found
that having the section elongated horizontally and submerged at a certain depth would reduce the reaction
force to power ratio.
Based on these ﬁndings, we propose a wave absorber design consisting of a bottom-hinged arm support-
ing a ﬂap whose cross section is an ellipse (see Fig. 1). The design resembles the EB Frond [2] except that
another hinge is provided at the upper end of the arm which allows the ﬂap to be aligned at variable angles
relative to the arm. We shall show that aligning the ﬂap at diﬀerent angles may quite signiﬁcantly alter the
power absorption, reaction force, and resonant characteristics of the absorber. This, together with ballasting
the ﬂap, can be used to good eﬀect for maximizing power absorption and minimizing reaction forces. Such
strategy has recently been termed geometry control to distinguish it from power take-oﬀ control [3].
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Fig. 1. Two-dimensional sketch of the wave absorber. The arm oscillates about
the bottom hinge O upon wave action. The upper hinge X enables the ﬂap to
be aligned parallel or perpendicular to the arm.
Fig. 2. Panel model of the ﬂap (shown in parallel
orientation).
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Fig. 3. Bond graph model of the absorber.
The wave absorber is designed to operate in water depth of 20 m. The ﬂap height, that is the major axis
of the ellipse, is 7 m and the ﬂap thickness, that is the minor axis of the ellipse, is 3 m. The upper hinge is
centred at the centroid of the ﬂap. The arm length is thus 16.5 m, and when the ﬂap is perpendicular to the
arm, there will be a clearance of 2 m from the ﬂap to the free surface. The two ends of the ﬂap are rounded
(in the form of half prolate spheroids) in order to minimize viscous losses (see Fig. 2). The incident waves
are assumed to propagate normal to the ﬂap axis.
In the following the characteristics of this wave absorber are studied. The added inertia and radiation
damping for both the parallel and perpendicular ﬂap orientations are ﬁrst presented, followed by the ab-
sorbed power and the reaction force. The performance of the absorber is then assessed based on its absorbed
power and reaction force at a given near-shore site.
2. Methodology
2.1. Maximum absorbed power and reaction force
We assume that the angular displacement of the arm is limited to a maximum of α by an increased linear
load resistance. Let r be the ratio of the limited to the optimum angular velocity amplitudes of the absorber,
or
r = 2ωαR55/|Xe5|, (1)
where R55 is the pitch radiation damping and Xe5 is the pitch excitation moment. Then the maximum
absorbed power is given as [4]
Pmax =
|Xe5|2
8R55
[
1 − (1 − r)2H(1 − r)
]
, (2)
where H(x) is the Heaviside step function.
Neglecting centrifugal force, we may write the dynamic horizontal and vertical reaction forces as
XR1 = Xe1 − (iωm15 + R15)U (3)
XR3 = Xe3, (4)
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where Xe1 and Xe3 are the horizontal and vertical excitation forces, m15 and R15 are the added inertia and
radiation damping in the horizontal direction due to the absorber’s pitch oscillation, and U is the pitch
velocity:
U =
Xe5
2R55
[1 − (1 − r)H(1 − r)] . (5)
The maximum dynamic reaction force can be obtained as
FRmax =
[
1
2
(
|X2R1 + X2R3| + |XR1|2 + |XR3|2
)] 12
. (6)
2.2. Tuned absorbed power and reaction force
To achieve the maximum absorbed power (2), the dynamic properties of the absorber must be varied
with frequency. When the dynamic properties of the absorber are ﬁxed and tuned to a single frequency ωp
by adjusting the body inertia M, hydrostatic restoring coeﬃcient S , and load resistance Ru such that
M − Sω−2p = −m55(ωp) (7)
Ru = R55(ωp)
[
1 +
2(1 − r(ωp))
r(ωp)
H(1 − r(ωp))
]
, (8)
where m55 is the pitch added inertia, the mean absorbed power is given as
P(ω) =
1
2Ru|Xe5(ω)|2
(R55(ω) + Ru)2 + |{Z}|2 , (9)
where
{Z} = ω
(
m55(ω) − m55(ωp) − Sω−2 + Sω−2p
)
, (10)
or
{Z} = ω
[
M + m55(ω) − ω2pω−2
(
M + m55(ωp)
)]
. (11)
It is clear that P(ωp) = Pmax(ωp) = |Xe5(ωp)|2[1 − (1 − r(ωp))2H(1 − r(ωp))]/8R55(ωp), and that P(ω) <
Pmax(ω) for ω  ωp.
The maximum reaction force in this case is given by (6), with (3) replaced by
XR1 = Xe1 − (iωm15 + R15) Xe5R55 + Ru + i{Z} . (12)
2.3. Absorbed power and reaction force for a given sea state
If we assume that Ru, M, and S are ﬁxed for a given sea state, the absorbed power for a given sea state
can be obtained from
P = Ru
∫ ∞
0
∣∣∣∣∣∣
fe5(ω)
R55(ω) + Ru + iω
(
M + m55(ω) − Sω−2)
∣∣∣∣∣∣
2
S ζ(ω)dω, (13)
where fe5 is the pitch excitation force coeﬃcient and S ζ(ω) is the wave spectrum. The choice of Ru, M,
and S may be obtained from (7) and (8) with ωp taken to be the spectral peak frequency, or from numerical
optimization. The reaction force, however, must be obtained from time-domain simulations.
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2.4. Time-domain model
The equation of motion for the absorber in time domain can be written as
Fe5(t) = [M + m55(∞)] u˙(t) + k(t) ∗ u(t) + S s(t) + Ruu(t), (14)
where m55(∞) is the inﬁnite-frequency value of the pitch added inertia m55, s(t) is the angular displacement
of the arm, and k(t) is the radiation impulse response function, which is the inverse Fourier transform of the
frequency response function K(ω) ≡ R55(ω) + iω [m55(ω) − m55(∞)].
To accelerate simulation, we replace the convolution term μ(t) ≡ k(t)∗u(t) = ∫ t0 k(t−τ)u(τ)dτ by a state-
space approximation. This amounts to replacing the term by a set of coupled linear ordinary diﬀerential
equations, which may be expressed in matrix form (see, e.g. [5]):
x˙(t) = Aˆx(t) + Bˆu(t) (15)
μˆ(t) = Cˆx(t) (16)
where x(t) is the state vector, the number of components of which corresponds to the order of the state-space
model, and Aˆ, Bˆ, Cˆ are constant matrices. We use the frequency-domain identiﬁcation approach following
the algorithm detailed in [5, 6]. The method uses frequency-domain hydrodynamic data for identiﬁcation.
The approach is to ﬁt a rational transfer function
Kˆ(s) =
P(s)
Q(s)
=
prsr + pr−1sr−1 + . . . + p0
sn + qn−1sn−1 + . . . + q0
, (17)
where s = iω, to the frequency response function K(ω). Further constraints on the model have been derived
in [7] based on the properties of the frequency response function and its corresponding impulse response
function. A least-squares ﬁtting method is applied to ﬁnd the coeﬃcients pi and qi, and once these are
obtained, the matrices Aˆ, Bˆ, and Cˆ can be constructed using any of the standard canonical forms.
The time series of the excitation moment Fe5(t) are generated prior to the simulation and stored as data
ﬁles to be read during the simulation. First, we obtain the spectral density of Fe5(t):
S Fe5 (ω) = | fe5(ω)|2S ζ(ω). (18)
The excitation moment Fe5(t) is then given as
Fe5(t) =
N/2∑
n=0
[(an cos φn + bn sin φn) cosωnt − (an sin φn − bn cos φn) sinωnt], (19)
where an and bn are generated from a Gaussian distribution with variance S Fe5 (ωn)Δω [8]. Here, N is the
number of values in the time series, determined by the required length of the series T and the time interval
between values Δt. Also, ωn = nΔω, where Δω = 2π/T . In addition, φn is the phase (in radians) of fe5(ωn).
For ωn larger than the largest frequency for which fe5 is computed, fe5 is assumed to be zero as typical wave
spectra have negligible values at the high-frequency tail. The sum in (19) may be identically evaluated by
an inverse Fast Fourier Transform at a fraction of computer time. The initial part of the resulting time series
(the ﬁrst 20 seconds) is ﬁltered by a cosine taper window.
Having evaluated the angular velocity u(t), we may obtain the instantaneous absorbed power P(t) =
Ruu2(t). The instantaneous horizontal and vertical reaction forces are given as (c.f. (3) and (4))
FR1(t) = Fe1(t) − m15(∞)u˙(t) − k15(t) ∗ u(t) (20)
FR3(t) = Fe3(t), (21)
where m15(∞) is the inﬁnite-frequency value of m15, and k15(t) is the radiation impulse response function
corresponding to K15(ω) ≡ R15(ω) + iω [m15(ω) − m15(∞)]. The instantaneous resultant reaction force can
then be obtained as
FR(t) =
[
F2R1(t) + F
2
R3(t)
] 1
2 . (22)
The time-domain model is implemented using bond graph as a tool. A bond graph representation of the
equation of motion (14) incorporating the state-space radiation force model is shown in Fig. 3.
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Fig. 4. Added inertia and radiation damping for θ = 0◦ (left) and θ = 90◦ (right).
2.5. Computation of hydrodynamic parameters
The hydrodynamic parameters are computed by a three-dimensional higher-order panel method [9] for
every 0.02 rad/s. The panel model is shown in Fig. 2. The supporting arm is assumed to be transparent
to the waves. Convergence studies are ﬁrst carried out to decide on the panel size which gives the desired
accuracy and computing eﬃciency.
The geometric variables are the ﬂap width d (2 to 30 m in intervals of 2 m, making a total of 15 discrete
widths), measured excluding the rounded ends, and the ﬂap angle θ (0◦ and 90◦, which correspond to parallel
and perpendicular ﬂap orientations, respectively). Diﬀerent angular displacement limits (10◦ and 20◦) are
imposed.
3. Results and discussions
3.1. Added inertia and radiation damping
The added inertia and radiation damping for the two ﬂap angles are plotted in Fig. 4. In general, the
added inertia and radiation damping values increase, while their peak frequencies decrease, with ﬂap width.
The added inertia and radiation damping for the parallel ﬂap orientation (θ = 0◦) are of larger magnitudes
compared to those for the perpendicular ﬂap orientation (θ = 90◦). However, the radiation damping for
θ = 90◦ is more broad-banded. Compared to the parallel ﬂap, the perpendicular ﬂap is also less sensitive to
the variation of ﬂap width.
For θ = 0◦, negative added inertia are observed for all the ﬂap widths considered. Negative added inertia
occurs when the mean potential energy of the ﬂuid exceeds the mean kinetic energy, which for a submerged
body happens when the depth of submergence is small and free-surface eﬀects are important [10]. No
negative added inertia are observed for θ = 90◦.
3.2. Maximum absorbed power and reaction force
The maximum absorbed power and reaction force for diﬀerent ﬂap angles and angular displacement
limits are plotted in Fig. 5. The absorbed power and reaction force increase with ﬂap width. Limiting the
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Fig. 5. Maximum absorbed power and maximum reaction force for 1-m amplitude waves for θ = 0◦ (left) and θ = 90◦ (right): α = π/18
rad/s (solid), α = π/9 rad/s (dotted).
angular displacements has the eﬀect such that both the maximum absorbed power and reaction force curves
fall oﬀ in the low-frequency range. Increasing the angular displacement limit simply shifts the onset of this
fall to a lower frequency. It can be seen that although aligning the ﬂap perpendicular to the arm reduces
the amount of absorbed power possible, the absorber is subjected to lower reaction forces compared to the
parallel ﬂap orientation.
3.3. Tuned absorbed power and reaction force
We envisage that the body inertia M and hydrostatic restoring coeﬃcient S can be adjusted by ballasting
the ﬂap with sea water. If we assume that the ballast centroid is ﬁxed and coincides with the centroid of the
ﬂap, we may write (7) as
Mwl2arm +
g
ω2p
Mwlarm = −m55(ωp) − Ms + S s
ω2p
, (23)
where Mw is the ballast mass, larm is the arm length, g is the acceleration due to gravity, while Ms and S s are
the body inertia and restoring coeﬃcient without the eﬀect of ballast. Let Mwmax be the maximum ballast
mass that can be put into the ﬂap. If the right-hand side of (23) is denoted as C(ωp), the condition that
0 ≤ Mw ≤ Mwmax is then equivalent to
0 ≤ C(ωp) ≤ Mwmax
⎛⎜⎜⎜⎜⎝l2arm + gω2p larm
⎞⎟⎟⎟⎟⎠ . (24)
This sets the range of tunable frequencies ωp for which P(ωp) = Pmax(ωp). Fig. 6 shows the variations of
C(ω) for diﬀerent ﬂap widths and angles, for some chosen realistic values of Ms, S s, and Mwmax. Ranges
of tunable frequencies ωp may be identiﬁed from the ﬁgure. For θ = 0◦ and d = 10 m, for example, perfect
tuning is possible for 1.32 ≤ ωp ≤ 1.34 and 1.65 ≤ ωp ≤ 1.79 rad/s.
We may gain understanding of the characteristics of the absorber from the function C(ω). The natural
frequencies of the unballasted system are the frequencies for which C(ω) = 0. For frequencies where
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Fig. 6. Variations of C(ω) for θ = 0◦ (left) and θ = 90◦ (right). Upper bounds corresponding to a maximum ballast volume of 80% the
total ﬂap volume are drawn in dashed lines. Diﬀerent shades of grey represent diﬀerent ﬂap widths: d = 30 m (black), d = 20 m (grey),
d = 10 m (light grey). Ranges of tunable frequencies ωp may be identiﬁed as the frequencies for which 0 ≤ C(ω) ≤ upper bound.
C(ω) > 0 the system is too stiﬀ, while for frequencies whereC(ω) < 0 the system is too soft. Since ballasting
the ﬂap always has the eﬀect of softening the system, perfect tuning is only possible for frequencies where
C(ω) > 0, subject to the limitations of the maximum ballast mass that can be put into the system. For
frequencies where C(ω) < 0 perfect tuning would require additional spring, while heavier ballast would be
needed to achieve perfect tuning for frequencies where C(ω) > Mwmax
(
l2arm +
g
ω2p
larm
)
.
Where perfect tuning is not possible, equation (23) is not satisﬁed. In this case, it is best to keep the
diﬀerence between the left- and right-hand sides of (23) as small as possible (c.f. [11], §3.5). It follows
that the absorber should be unballasted for frequencies where C(ω) < 0 and ballasted to the maximum
for frequencies where C(ω) > Mwmax
(
l2arm +
g
ω2p
larm
)
. It can be shown that a choice of Ru which would
maximize the absorbed power in this case is given as
Ru = [1 + xH(1 − rr)] |Zi(ωp)|, (25)
where
x =
[
1
r2r
(
|Zi(ωp)| + R55(ωp)
)2
+ 2{Zi(ωp)}
(
1
r2r
− 1
)] 12 − R55(ωp)
|Zi(ωp)| − 1 (26)
rr =
ωpα
|Ur opt(ωp)| (27)
Ur opt(ωp) =
Xe5(ωp)
|Zi(ωp)| + Zi(ωp) (28)
Zi(ωp) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
R55(ωp) − iωpC(ωp), for C(ωp) < 0
R55(ωp) + iωp
[
Mwmax
(
l2arm +
g
ω2p
larm
)
−C(ωp)
]
, for C(ωp) > Mwmax
(
l2arm +
g
ω2p
larm
)
.
(29)
Looking again at Fig. 6, we may observe diﬀerent regions of tunable frequencies each for the diﬀerent
ﬂap orientations. For θ = 0◦, the tunable frequencies lie on the higher-frequency side of the considered
range, while for θ = 90◦, they lie on the lower-frequency side. This shows how varying the ﬂap angle may
result in quite diﬀerent resonant characteristics, and adjusting the ﬂap angle may be used as a means to
broaden the absorption bandwidth, as illustrated in the following.
Fig. 7 shows the variations of the absorbed power and the corresponding maximum reaction force for
the two ﬂap angles, for an absorber with d = 10 m. The incident wave amplitude A is 0.5 m and the
angular displacement amplitude is limited to 20◦. The ﬁrst set of lines (dashed) represents the maximum
attainable absorbed power and the corresponding maximum reaction force required to attain this maximum
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power. These are the same lines in Fig. 5 for d = 10 m. The maximum attainable power is relatively
large, especially for θ = 0◦, but much of this potential, say for ω = 0.4 to 1.3 rad/s, can be realised only
if additional restoring force is supplied. The maximum reaction force required to attain this potential is
also relatively large. The second set of lines (dotted) represents the maximum absorbed power that can
be attained using a ﬁxed ballast (tuned to four diﬀerent frequencies ωp = 0.6, 0.8, 1.0, and 1.2 rad/s), and
the corresponding maximum reaction force. These lines represent the more realistic upper bounds of the
absorbed power attainable if we use ballasting as a means of tuning. The third set of lines (solid) represents
the absorbed power and the corresponding maximum reaction force when both the ballast and the load
resistance are ﬁxed and tuned to each ωp.
From Fig. 7 we see that depending on the incident wave frequency, changing the ﬂap angle may improve
the power absorption. In this case, for 0.5 < ω < 1 rad/s more power will be absorbed by aligning the ﬂap
to θ = 90◦, while for 1 < ω < 1.7 rad/s it is better to align the ﬂap to θ = 0◦.
Now suppose that the design limit of the reaction force is 1000 kN. We expect the reaction force to
exceed this limit when the incident wave amplitudes get higher. As an example, consider an incident wave
amplitude of 1.6 m. Again we see that depending on the incident wave frequency, changing the ﬂap angle
may improve the power absorption (see Fig. 8). In this case, it is clearly better to align the ﬂap to θ = 90◦
for 0.6 < ω < 1 rad/s. But now the design limit of the reaction force must be taken into account. For
θ = 90◦, the maximum reaction force is just below this limit for all the diﬀerent tuning frequencies. In
fact, the maximum reaction force changes only slightly with the change of tuning frequency. For θ = 0◦,
however, we see that this limit is exceeded when the absorber is tuned to ωp = 1 and 1.2 rad/s. To reduce
the reaction force, the system may be tuned to higher or lower frequencies (see Fig. 8, top, where reductions
of both the absorbed power and the maximum reaction force are clearly seen around ωp = 1 and 1.2 rad/s).
Alternatively, the reaction force can be reduced by changing the ﬂap angle with the same consequence of
reducing the absorbed power (see Fig. 8, bottom).
Before we move on to the performance of the absorber in irregular waves, it may be noted that the tuned
absorbed power of the θ = 90◦ conﬁguration (Fig. 8, bottom left, grey solid line) exceeds the maximum
attainable absorbed power for the given angular displacement limit (grey dashed line) at a small range
of frequencies around ω = 0.85 rad/s. The reason for this is that equation (25) ensures that the angular
displacement does not exceed the given limit only at ωp. If it is desired that the angular displacement be less
than the given limit at all frequencies, then a larger load resistance must be applied with the consequence of
reducing the absorbed power at around ω = 0.85 rad/s.
3.4. Performance in irregular waves
Using the same absorber (d = 10 m) as an example, we assess the performance of the absorber at a given
site characterized by a set of sea states and their probability of occurrence. The characteristic sea states are
based on wave measurements at a site on the German Continental Shelf reported in [12] and are reproduced
in Table 1. The average annual available wave power at this location is reported to be 11.6 kW/m, although
a deep-water approximation (see, e.g. [13]) based on the data given in Table 1 gives a smaller value of 8.0
kW/m.
We use the JONSWAP spectrum relevant for the North Sea environment as the wave spectrum S ζ(ω)
model for each sea state:
S ζ(ω) =
αg2
ω5
exp
⎛⎜⎜⎜⎜⎜⎝−1.25ω
4
p
ω4
⎞⎟⎟⎟⎟⎟⎠ γa(ω), (30)
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Table 1. Characteristic sea states (reproduced
from [12])
Sea state Hs [m] Te [s] Prob. [%]
1 0.25 4.15 9.14
2 0.75 4.67 27.31
3 1.25 5.53 22.62
4 1.75 5.95 18.55
5 2.25 6.21 10.25
6 2.75 6.59 5.08
7 3.25 7.55 3.35
8 3.75 8.16 1.63
Table 2. Load resistance Ru, maximum displacement smax, maximum reaction
force FRmax, and mean absorbed power P for an absorber with d = 10 m and
θ = 0◦, for the sea states listed in Table 1. The ballast mass Mw = 0 for all sea
states. The values in parentheses are obtained from (13).
Sea state Ru [Nms] smax [rad] FRmax [kN] P [kW]
1 5.9 × 108 0.004 175 1.0 (1.1)
2 4.8 × 108 0.013 473 13.5 (12.0)
3 2.6 × 108 0.038 708 31.2 (32.0)
4 2.0 × 108 0.059 753 63.7 (59.2)
5 1.8 × 108 0.087 918 90.3 (94.2)
6 1.6 × 108 0.115 1198 133.6 (134.4)
7 1.2 × 108 0.173 1058 142.8 (169.0)
8 9.4 × 107 0.255 1141 210.4 (213.4)
Pann [kW] 46.9 (47.2)
where
a(ω) = exp
⎛⎜⎜⎜⎜⎝− (ω − ωp)
2
2σ2ω2p
⎞⎟⎟⎟⎟⎠ (31)
σ =
⎧⎪⎪⎨⎪⎪⎩
0.07 for ω ≤ ωp
0.09 for ω > ωp
(32)
α = 5.058
H2s
T 4p
(1 − 0.287 ln γ). (33)
The peakedness parameter γ is chosen to be 3.3. The peak period Tp and the energy period Te is related
by Te = 0.857Tp [13]. For each sea state we generate two 1220-second length excitation moment time
series, one for θ = 0◦ and the other for θ = 90◦, according to the method outlined in § 2.4. The same wave
realization is used for both.
The simulations are carried out using a modelling and simulation software [14]. For simplicity the load
resistance Ru and ballast mass Mw used for each sea state are the optimum Ru and Mw assuming regular
incident wave with frequency 1/Tp and amplitude Hs/2. A typical simulation result is shown in Fig. 9,
where the ﬁrst 20 seconds have been discarded.
A summary of the result if the parallel ﬂap orientation (θ = 0◦) is used for all sea states (case A)
is tabulated in Table 2. The mean annual power Pann in this case is 46.9 kW. If the perpendicular ﬂap
orientation (θ = 90◦) is used for all sea states (case B), a larger Pann is obtained, i.e. 55.6 kW (Table 3).
Using the best conﬁguration for each sea state (case C), we have Pann = 57.2 kW (Table 4). Also presented
are the mean absorbed power values obtained using (13). The results are similar.
The fact that larger Pann is obtained for case B than case A is because the most resourceful sea states in
a year, i.e. sea states 4 to 7 (ωp = 0.9 to 0.7 rad/s), are more favourable to the θ = 90◦ conﬁguration than
θ = 0◦, if no additional restoring force is supplied (see again Fig. 6, where it is shown that for θ = 0◦ perfect
tuning is not possible at these frequencies without additional restoring force). The θ = 0◦ conﬁguration
will be capable of absorbing more power at these frequencies if additional restoring force is provided.
This, however, entails greater reaction force, as noted previously in the discussion of Fig. 7. The θ = 0◦
conﬁguration gives higher absorbed power than θ = 90◦ for sea states 1 to 3 and 8. These sea states, however,
have relatively smaller resource. Sea state 2 (ωp = 1.2 rad/s), for example, has the highest probability of
occurrence but the amount of power available for this sea state is small. On the other hand, sea state 8 is
the most energetic but has the least probability of occurrence, and so it contributes little to the total mean
annual power. This explains why the improvement of case C over case B is not so signiﬁcant.
If for θ = 0◦ we now supply an additional restoring force of 1.0 × 108 Nm (the value is not optimized,
but chosen just for the sake of comparison) for sea states 4 to 7 (case D), the mean annual power is increased
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Table 3. As in Table 2, for θ = 90◦. The ballast mass Mw for each
sea state is given in the table.
Sea Ru Mw smax FRmax P
state [Nms] [103 kg] [rad] [kN] [kW]
1 2.9 × 107 0 0.016 121 0.6 (0.7)
2 2.2 × 107 0 0.052 337 8.8 (8.0)
3 1.0 × 107 0 0.197 620 30.9 (33.3)
4 5.9 × 106 0 0.459 750 90.6 (84.4)
5 9.5 × 106 0 0.429 952 125.9 (133.7)
6 1.2 × 107 5.5 0.512 1204 166.3 (173.4)
7 1.5 × 107 26 0.511 1007 144.4 (179.5)
8 1.7 × 107 39 0.570 1134 190.8 (191.0)
Pann [kW] 55.6 (57.1)
Table 4. As in Table 3, with θ = 90◦ for sea states 4 to 7, and
θ = 0◦ for the rest of the sea states.
Sea Ru Mw smax FRmax P
state [Nms] [103 kg] [rad] [kN] [kW]
1 5.9 × 108 0 0.004 175 1.0 (1.1)
2 4.8 × 108 0 0.013 473 13.5 (12.0)
3 2.6 × 108 0 0.038 708 31.2 (33.3)
4 5.9 × 106 0 0.459 750 90.6 (84.4)
5 9.5 × 106 0 0.429 952 125.9 (133.7)
6 1.2 × 107 5.5 0.512 1204 166.3 (173.4)
7 1.5 × 107 26 0.511 1007 144.4 (179.5)
8 9.4 × 107 0 0.255 1141 210.4 (213.4)
Pann [kW] 57.2 (58.6)
to 62.2 kW. The maximum reaction forces for these sea states, however, are also higher, especially for sea
states 6 and 7. The beneﬁt of changing the ﬂap angle to θ = 90◦ for these sea states (case C) with the
accompanying reduction of the reaction forces is therefore obvious.
4. Conclusion
The characteristics of a pitching wave absorber with variable ﬂap angle relative to the supporting arm
has been presented in this article. It has been shown that changing the ﬂap angle may alter the resonant
characteristics of the absorber and can be used to good eﬀect in broadening the absorption bandwidth.
Furthermore, having the ﬂap aligned perpendicularly to the arm is characterised by a low reaction force, and
can be used as a means to avoid large forces associated with large waves.
There is a pressing need to lower the cost of ocean wave power. Such means of geometry control should
be explored further in order to meet this need.
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Fig. 7. Absorbed power and maximum reaction force of the absorber with d = 10 m for θ = 0◦ (black) and θ = 90◦ (grey). The
wave amplitude A is 0.5 m. Solid lines represent the absorbed power for ﬁxed ballast mass and load resistance (tuned at ωp) and the
corresponding maximum reaction force. Dashed lines represent the maximum achievable absorbed power and the corresponding max-
imum reaction force. Dotted lines represent the maximum absorbed power for a ﬁxed ballast mass (tuned at ωp) and the corresponding
maximum reaction force.
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Fig. 8. As in Fig. 7, for A = 1.6 m.
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Fig. 9. Excitation moment, displacement, velocity, absorbed power (mean in dashed line), and reaction force for an absorber with
d = 10 m and θ = 0◦, for sea state 4. The ballast mass Mw = 0 and the load resistance Ru = 2.0 × 108 Nms.
